Mycoplasma mobile exhibits a smooth gliding movement as does its membrane-17 permeabilized ghost model. This exceptionally prominent experimental system has 18 allowed us to conclude that the energy source for M. mobile motility is adenosine 19 triphosphate (ATP), and the gliding is largely comprised of repetitions of unitary steps of 20 about 70 nm. In the present study, we show a new motility mode, in which the ghost 21 model prepared with a high concentration of detergent exhibits directed rotational 22 motions with a constant speed. With a rotational speed and viscous friction of a single 23 ghost, the torque was estimated to be ~30 pN nm at saturated [ATP]s. Although the origin 24 of the rotation has not been conclusively settled, we found that rotary ghosts treated with 25 sialyllactose, the binding target for leg proteins, were stopped. This result suggested that 26 biomolecules embedded on the cell membrane nonspecifically attaches to the glass and 27 works as a flexible pivot point, and the linear motion of the leg is a driving force for a 28 rotary motion. This simple geometry exemplifies the new mechanism, by which the 29 movement of a linear motor is efficiently converted to a constant rotation of the object on 30 a micrometer scale. 31 32 33 34 35 146
Mycoplasma mobile (M. mobile) is a flask-shaped bacterium under optimal conditions 36 that can smoothly glide on a solid surface in the direction of a protrusion at a speed of up 37 to 4.5 μm s -1 [1] (Fig. 1A top) . It lacks genes encoding conventional motor proteins such 38 as myosin and kinesin, or bacterial flagella [2] . Three proteins essential for gliding are 39 localized at a cell pole, and named as Gli123, Gli349 and Gli521 [3, 4] . These proteins 40 are organized on the surface of machinery, and each of their numbers is estimated to be ~ 41 450 ( Fig. 1A bottom) . Their molecular functions are as follows: Gli123 is a scaffold for 42 other molecular machineries [5] ; Gli349 binds to sialylated oligosaccharides (SOs) on a 43 solid surface as a leg [6, 7] [8]; and Gli521 transmits the force into the leg as the crank 44 [9, 10]. The internal structures, including the α-and β-subunit homologs of F-type ATPase, 45 co-localized on the gliding machineries, suggesting that the internal structure might 46 function as the motor for Mycoplasma gliding [11, 12] . Notably, the membrane-47 permeabilized ghost model revealed that the gliding machineries are driven by ATP 48 hydrolysis; additionally, the smooth gliding movement was comprised of the repetition 49 of 70-nm unitary steps [13, 14] . Although the actors in the motility have been gradually 50 clarified, the mechanism by which the motor converts chemical energy into mechanical 51 work remains an open question.
52
To explore the motor function in greater detail, we here constructed a motility assay that 53 enabled detection of the rotary ghosts. Normally, the membrane-permeabilized ghost 54 model is prepared with 0.09% Triton X-100, and the large number of ghosts showed a 55 gliding motion after addition of ATP [13, 14] . In contrast, we found that a small 56 percentage of ghosts prepared with a 0.013% concentration of detergent rotated at a fixed 57 position like tethered-flagellated bacteria [15-17] (Supplementary Movie 1). In this 58 condition, we also detected the gliding motion in ~50% of the ghost population, and the 59 gliding speed was similar to that of live cells at saturated [ATP]s ( Fig. S2 ).
60
Rotational motions occurred in both directions, and the population of each cell was 61 56% in the CW and 44% in the CCW direction (n = 150; Fig. 1B ). Note that the center 62 position of the rotation did not move and the radius also remained constant, indicating 63 that some flexible part was connected to a glass surface (Fig. 1C ). Rotational rate was 64 calculated from the slope of the revolution (Fig. 1D ). With the rotational rate and viscous 65 friction of ghost (see Method section), the frictional torque against the surrounding 66 solution was estimated to be 30.7 ± 21.9 in the CW direction, and 29.8 ± 11.5 pN nm in 67 the CCW direction at a saturated [ATP] (n = 84 in CW, n = 66 in CCW; Fig. 1E ). We did 68 not see a difference in the CW and CCW directions, and therefore analyzed CW and CCW 69 rotation as the same (P = 0.1983>0.05 by t-test). 70 We next investigated the effect of ATP concentration on the rotational rate of ghosts. To investigate whether the leg protein contributed to the rotation, we treated ghosts 81 with sialyllactose (SL), a binding target for legs [18, 19] ( Fig. 2A) . Notably, rotary ghosts 82 did not detach from the glass surface but slowed down and/or stopped, while gliding ghosts detached from the surface (Supplementary Movie 2, Fig. 2B ). Additionally, the 84 ratio of rotational rate (fafter/fbefore) decreased in proportion to [SL] (Fig. 2C ). In this 85 condition, the discrete stepwise movements were also detected even at saturated [ATP]s, 86 which might correspond to the binding time of the leg to the SO (Fig. 2D ). To determine 87 the stepping angle quantitatively, we next fitted the data with a step-finding algorithm 88 (see Methods section). From this analysis, the step size was estimated to be 33.1 ± 10.1°, 89 assuming that the histogram comprises a single peak ( Fig. 2E; n = 125 ). The dwell time 90 between steps depended on [SL], where the average and SD were 0.37 ± 0.39 in 0.5 mM 91 and 0.55 ± 0.51 s in 3 mM, respectively (n = 83 in 0.5 mM, n = 71 in 3 mM; Fig. 2F ).
92
This result suggested that the leg binds to free SL and consequently, could not produce 93 the thrust for rotation. 94 We next explored the effect of the antibody on the rotation. We used monoclonal MAb7, the gliding ghosts dissociated from the glass surface, while the rotary ghosts 98 stopped but did not detach from the glass. In MAbR19 experiments, both gliding and 99 rotary ghosts stopped suddenly, but did not detach from the glass (Supplementary Movie 100 3). As stated previously, these results indicated that the crank Gli521 transmits the force, 101 and the leg(s) Gli349 bind to and release from SO and produce the thrust [3, 4] . 102 We considered possible mechanisms to explain the rotation. One scenario is the 103 pivoting model: the leg produced the thrust for the rotation, while a flexible point such as 104 the membrane is tethered to the surface (Fig. 2G) . For a distance r between the power 105 stroke of the active leg and tethered point to glass, the torque was estimated by the 106 following equation: T = r × F, where T is the torque, and F is the thrust of leg [21] . With this model, bidirectional rotation could be produced depending on the geometry between 108 the tethering point and the active leg. Given this model and assuming that a step length is 109 70 nm [13] , the distance r was estimated to be 120 nm using the following equation: L = 110 2 r sin (θ/2), where L is a step length, and θ is a step angle (33°), which might correspond 111 to the periodicity of gliding machineries.
112
Although the number of legs involved in rotation was not conclusively determined, 113 the thrust could be estimated to be 0.7-1 pN from the above equation, assuming that the 114 number of legs for rotation was driven by a single leg, which was similar to the values 115 estimated by an optical tweezer [22] . Interestingly, the 120-nm length is consistent with 116 the size of Gli521 [9]; therefore, another possible rotary model is that one part of the same 117 gliding machinery, such as Gli521, was sticking to a glass surface while pulling another 118 part of the complex such as Gli349. If the gliding machinery exhibits constant 119 displacement and force, the various outputs will be detected depending on the geometry 120 of the pivoting model, e.g., the detection of smaller output when r is small, and vice versa.
121
Considering that the repetitive steps are clear, and the distribution of steps was narrow 122 (Fig. S5) , this model might also be possible.
123
In this study, we could not exclude the possibility that the rotation was driven by the 124 internal structure of M. mobile, which is the homolog of F-Type ATPase and co-localized 125 on the gliding machinery. This is because some ghosts had a rotation axis in the middle 126 and rotated like a propeller, the centroid of which is at the middle of the ghost, suggesting 127 that the real rotary motor was connected to the glass surface as shown in F1-ATPase and Fig. 2 
